
RESEARCH M.EM.O'RAN.DUM 
- .  

. . .  
, I  

_ .  . 
. ,  . 

, .  

. .  DISTRIBUTION ,OF LOSSES BEHIND A ,COMPRESSOR  ROTOR 

AS  MEASURED  BY A ROTATING W K E  
. . .  . .  

. . . .  . . . .  By William R. ' Godwin 

Langley  Aeronautical  Laboratory 
Langley Fie ld ,  Va. 

Cl,f%S'~.rF;;sr-- I, ,-y'~p,a& . . . . . . . . . .  
...'A,_ - ",.! .t 4 "t. i \.,' . i.. 7 l.,f A* > ', P , - 1  

This material contalns information affect& the National Defense.of +e.United States within the e s n l n g  

-mannbr to an unauthorized pekon 3.8 prbbited by law. 
of the espionage laws,  Title 18, T3.S.C Secs.'793 and 7e4, the transmission or revelation of which in any 

I "  

NATIONAL ADVISORY COMMITTEE; 
. . . .  RoNA"TiC's - _ , , , , ,  , .  _ ) . . I  

., 
~ .- 

. , i! -) ,,". I , . ....... .. 
. ,  ~ . . . . . . . . . . . . .  . . . . . . .  

. . . .  . .  

' .  . WASHINGTON 
, I  January 17,1956 

, .  

. . .  



NATIONAL  ADVISORY COMMITTEE FOR  AERONAUTICS 

RESEARCH ME" 

DISTRIBUTION OF LOSSES BEHIND A COMPREXSOR ROTOR 

AS M E A S m D  BY A ROTATING RAKE 

By  William R. Godwin 

SUMMARY 

A rotating  total-pressure  survey  rake  was  employed  to  obtain  wake 
measurements  of  a  compressor  rotor.  The  results are compared  with  two- 
dimensional  cascade  data  of  similar  geometry  in  the  form of wake  distri- 
butions,  total-pressure-loss  coefficients,  momentum-loss  coefficients, 
and  turning  angles  covering  the  Mach  number  range  from 0.2 to 0.8. Also 
presented  are  total-pressure-loss  contour  plots  covering  the  span  of  one 
blade f o r  the  angle-of-attack  and  Mach  number  range. 

The  results  show  there  was  considerable  radial  flow  of  the  inboard- 
blade  boundary  layer  and  little  radial  flow  of  the  inner  casing  boundary 
layer.  Under  conditions  of  low  angle  of  attack,  the  mean-section  losses 
were  less  than  those  of  the  cascade;  these  differences  could  not  be  attrib- 
uted  to  "three-dimensional  relieving." In general,  the  total-pressure- 
loss coefficients,  momentum-loss  coefficients,  and  turning  angles  for  the 
rotor  were  in  close  agreement  with  those  of  the  two-dimensional  cascades. 

INTRODUCTION 

* 
Many axial-flow  compressor  designers  rely  on  two-dimensional  cascade 

data  to  select  the  blade  profile  and  blade-setting  angle  that  will  pro- 
duce  the  desired  flow  turning  angles  in  the  compressor's  rotors  and 
stators.  This  method  has  been  very  successful  in  spite  of  the  fact  that 
data  obtained  in  a  two-dimensional  cascade  are  applied  to  a  flow  that  is 
likely  to  have  strong  three-dimensional  effects.  One  of  the  differences 
in  blade-section  performance  that  is  commonly  observed  in  comparing  two- 
dimensional  cascade  data  and  three-dimensional  rotor  data  is  that  the 
losses  in  the  rotor  axe  not  uniformly  distributed  but  appear  to be con- 
centrated  at  the  hub  and  tip  of  the  blades. It is, of course,  assumed 
that  radial  motion of the  blade  boundary  layer  due  to  centrifugal  forces 
and  the  interaction  of  the  rotor  blades  with  the  boundary  layers on the 
inner  and  outer  casings  are  the  primary  causes  of  this  effect,  but  little 
is  known  of  the  details  of  the flow pattern. 
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Since  an  analytical  solution  of  the  boundary-layer  flow in this 
complicated  flow  field  seems  impossible,  it  appears  that a better  under- 
standing  of  these  flows  can  be  obtained  only  by  experiments. 

A limited  amount  of  information  has  been  reported  from  investiga- 
tions  of  rotating  surfaces.  References 1, 2, and 3 contribute  data  from 
experiments  in  this  field. ,In reference 1, entire  blade-section  pres- 
sure  distributions  were  measured  simultaneously on a compressor  rotor 
by  means  of a 24-cell  pressure-transfer  device.  Blade-section  angle  of 
attack  plotted  against  turning-angle  curves  and  the  pressire  distribu- 
tions  presented  were  in  close  agreement  with  cascade  results  for  the 
design  conditions  and  in  fair  agreement  for  most  off-design  conditions 
except  for  the  inboard  blade  section.  Reference 1 also  suggests  reasons 
for  the  differences  found  at  the  inboard  section  based  on  tuft  patterns 
but  recommends  further  work  in  the form of  wake  investigations. In 
reference 2, Weske  reports on pressure  distributions  and  wake  surveys 
measured on a rotating  blade. In this  reference, a single  rotating 
pressure  tube  was  mounted so as  to  be  able  to  traverse  the  wake  behind 
a rotating  blade,  or,  when  used  in  conjunction  with  an  escapement, a 
.single  rotating-to-stationary  transfer  tube  was  used  to  measure a 23- 
point  blade-section  pressure  distribution  in  sequence.  Weske  also  pre- 
sented  hot-wire  anemometer  wake  measurements  and  compared  them  with 
wake  susveys  using a single  traversing  static  or  total-pressure  tube 
behind  the  rotating  blade.  Pearson  and  Grant  (ref. 3 )  also  made  hot- 
wire  measurements  of  rotating  wakes.  However,  the  hot  wire  was  limited 
as  to  frequency  response  and  wire  life. In the  aforementioned  references 
there  were no two-dimensionaLcascade  wake  data  available  for  comparison 
with  the  rotor-blade  wake  data. 

In the  present  report  both  cascade  and  rotor-blade  wake  data  are 
. presented  for  comparison.  The  wake  data  were  obtained  by  using a total- 

pressure  rake  fastened  to  the  rotor  in  conjunction  with a multiple-cell 
pressure-transfer  device.  The  surveys  of  the  rotating  blades  cover  the 
range  of  angle  of  attack  and  speed  for 12 radial  stations  along  the 
blade  span.  From  these  data  the  regions  of  high loss were  easily 
located.  By  comparing  data  for  various  operating  conditions,  the 
behavior  of  the  losses  and  secondary  flow  could  be  readily  followed. 
In addition,  parameters  similar  to  those  presented in cascade  reports 
(refs. .4 and 3 )  are  presented  by  using  both  cascade  and  rotating-blade 
data.  These  comparisons  are  intended  'to  help  the  designer  get  better 
insight  into  the  differences  between  blade  performance  in  the  actual 
rotor  and  in  the  two-dimensional  cascade. 
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SYMBOLS 

chord 

momentum-loss  coefficient, ../.- c I ql.r 

incremental  distance  across  the  wake 

ratio  of  momentum-loss  coefficient  to  pressure-loss  coefficient 

Mach  number 

total  pressure,  Ib/sq  ft 

static  pressure,  lb/sq  ft 

dynamic  pressure, "PV ', lb/sq ft 
2 

Reynolds  number 

radius 

rotational  velocity 

velocity,  ft/sec 

location  on  total-pressure rake 

angle of attack,  deg 

inlet  air  angle  measured  to  axial  direction 

turning  angle 

density 

average  total-pressure l o s s  

Subscripts : 

0 entering  guide vanes 

1 entering  compressor  blades 

2 leaving  compressor  blades 

t, 
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ax a x i a l  

m mean sect ion 

r re l a t ive   t o   b l ade  

TEST APPARA!WS 

General Arrangement 

The general equipment  used fo r   t he   t e s t s   desc r ibed   i n  this report  
was the same as tha t   repor ted   in   re fe rence  1 and shown i n  figure 1. The 
veloci ty  diagram f o r  the design  condition i s  presented  in   f igure 2. 

The guide  vanes  produced a free-vortex  tangent ia l   veloci ty   dis t r i -  
bution  flowing  against  the  direction of ro ta t ion .  This was t o  provide 
h igh   in le t  Mach numbers without.going  to  high  t ip  speeds.  

The ro to r  was composed of  24 blades  having a uniform-loading mean 
l i n e  w i t h  an NACA 65-series  thickness  distribution and a maxirmun thick- 
ness of 10 percent  of  the  chord  length. The rotor.   blade w a s  designed 
for  constant spanwise power input. The layout  of the blade is  described 
in   reference 1 and shown i n   f i g u r e  3 .  For  these tests the  main altera- 
t ion  to   the  apparatus   descr ibed  in   reference 1 was  the  addi t ion of three 
total-pressure rakes that were ins t a l l ed  on the  rear surface of the  rotor  
and connected to  the  pressure-transfer  device as the  pressure  blades had 
been in   reference 1. The rakes, shown i n   f i g u r e  4, were located 120° 
apart   for  balance and were adjustable  approximately 3 inches i n   t h e  
rad ia l   d i rec t ion ,  1/2 inch  circumferentially,  and 90' in   the  f low  direc-  
t ion.  Each rake covered  a  different  radial  section of the blade passage 
and  each  rake w a s  sh i f t ed  a l i k e  amount t o  maintain  the dynamic balance 
of the  rotor .  The change. in  length  of. the  connecting  pressure  tubing 
was taken  care  of  by  sl ip  joints between the  rakes  and the axis of 
rotat ion.  

When the f i r s t  measurements  were made by  using  the  rakes it was 
discovered that there was a small amount of radial   f low  present.  This 
radial   f low  caused  the  total-pressure  tubes  to  be at a slight  angle  of 

' at tack and, hence, did not  recover a l l  the impact  pressure. By d r i l l i n g  
out  the  ends  of  the  tubes as recommended in   reference 6, the tubes were 
made insensi t ive  to   angles  of incidence up t o  fl'j''. This  greatly  in- 
creased  the  measuring  ability of the  rotat ing  rake.  

The airspeed and flow  direction between the  guide  vanes and ro to r  
were  measured with  an  automatic.yaw  instrument  containing a pressure 
probe  having  null-type yaw, s t a t i c ,  and total-pressure  elements. The 
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probe was of the  form re fe r r ed   t o  as a prism  probe in   reference 7 with 
the  yaw tubes  cut a t  a 45' angle   for   g rea te r   sens i t iv i ty .  

The pressures from the  rotat ing  rakes  and pressure  probe were indi-  
cated on a m-ultitube manometer and  were photographed as a permanent 
record. 

The rotor  speed was  measured with a Stroboconn  tuning  unit  capable 
of detecting a v a r i a t i o n   i n   r o t a t i o n a l  speed  of 0.03 percent. 

For  the  comparison of t he   ro to r  and  high-speed  cascade  data, some 
addi t ional   data  were obtained from the  high-speed  cascade  described i n  
reference .5. The  amount of w a l l  boundary layer  removed was controlled 
to  provide a s ta t ic-pressure  r ise   through  the  cascade  equal   to   that  
through  the  rotors .   In   other   respects ,   the  methods were the  same as 
those  reported  in   reference 5. 

METHOD OF TESTING 

Wake measurements were taken a t  the  12 radial locations shown i n  
f igure  3. The mean-section  angle  of  attack was varied from 8 . 5 O  t o   t h e  
surge  point  by  thrott l ing  the  exit ing  f low. A t  each  radial   locat ion 
the  wakes were recorded  for  nine  thrott le  sett ings  covering  the  oper- 
ating  range  for  speeds of 800, 1,140, 1,600, 1,900, and 2,100 rpm. A t  
t he  17.75- and  20.00-inch rad ia l   loca t ions ,   addi t iona l  wakes were taken 
a t   t he   n ine   t h ro t t l e   s e t t i ngs   fo r   speeds  of 900, 1,000, 1,700, 1,800, 
and  2,000 rpm. A t  each  radius  the  rake w a s  set a t  an  angle  equal  to 
t he  desi,gn  flow  direction  indicated  by  the  corresponding  curve  of a 
against  8 of  reference 1. The rake w a s  located  c i rcumferent ia l ly   to  
include  the  ent i re  wake as it shifted  because  of  separation  with  in- 
crease  in  angle  of  at tack. 

RESULTS AND DISCUSSION 

The compressor  design  used i n   t h e s e  tests had  guide  vanes t h a t  
turned  the  inlet   f low  against   the   direct ion of rotor   rotat ion.   This  
supplied a high-subsonic  inlet   relative Mach number f o r   r e l a t i v e l y  low 
rotational  speed. A t  the  design  angle  of  at tack,  the  rotor  exit ing 
flow was axial. Thus, leaving  the  rotor,   there i s  no r a d i a l   s t a t i c -  
pressure   g rad ien t   to  oppose the   cen t r i fuga l   force  of the  blade boundary 
layer .  For the  conventional  axial-flow  compressor, the guide  vanes t u r n  
the   in le t   f low  in   the   d i rec t ion   of   ro tor   ro ta t ion .  This allows high 
ro ta t iona l   ve loc i t ies   wi th   subsonic   re la t ive  Mach numbers. The flow 
leaving  the  rotor  of the  conventional  compressor  has a tangent ia l  

I 
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component  that  establishes a radial  static-pressure  gradient.  However, 
this  pressure  gradient  is  insufficient  to  counter  the  effect  of  the 
higher  rotational  velocity  of  the  conventional  compressor.  As a result, 
the  radial  unbalance  of  the  boundary  layer  for  the  rotor  of  the  usual 
axial-flow  compressor will be  greater  than  that  of  the  rotor  of  this 
report. A calculation  based  on  simple  .radial  equilibrium  was  made  of 
the  mean-section  vector  diagrams  a%  the  design  condition  for  the  com- 
pressor of this  report  and a symmetric  stage  using  the  same  geometry 
'relative  to  the  rotor.  The  results  indicated  that  the  unbalance  of  the 
radial  pressure  gradient  of  the  boundary-layer  air  exiting  the  rotor 
was  approximately  eight  times  greater  for  the  symmetric  stage  than  for 
the  reported  rotor.  From  this it:  appears  that  the  radial  extent  of 
flow  of  boundary  layer  on  the  usual  axial-flow  compressor  rotor  will  be 
greater  than  for  this  rotor.  In  spite  of  this,  the  origins  of  losses 
and  flow  patterns  determined  in  this  investigation  should  be  represen- 
tative  of  the  general  rotor  configuration.  It  would be difficult  to 
devise a rotating  rake  that  would  be  strong  enough  to be used  at  the 
speeds  necessary  to  obtain  the  same  Mach  numbers  relative to the  blade 
for a symmetrical  stage. 

Variation  in  Total-Pressure-Loss  Distribution 

With  Mach N M e r  

Figure  5(a)  shows  distributions  of  the  total-pressure-loss  coeffi- 
cient  of  the  compressor-blade  mean  section  at  several  Mach  numbers.  In 
this  figure  the  wake  increases  in  size  and  shifts  to  the  left  with 
increases  in  Mach,number.  This  corresponds.  to  the  increase  in  separa- 
tion  on  the  upper  surface  of  the  blade  with  increase  in  local  Mach 
number.  Figure  >(b)  presents  cascade  data  for the same  blade  geometry 
as  presented  in  figure ?(a) with  the  exception  that  the  solidity is 1.25 
instead  of 1.18. The  rake  for  these  measurements  was  located  slightly 
more  than  1-chord  length  downstream  of  the  blade  trailing  edges  as  com- 
pared  with  0.44-chord  1ength.for  the  compressor.  This  difference 
accounts  for  the  greater  spread  of  the  losses.  The  relative  locations 
of the  wakes  are  not  shown  as  the  total-pressure  rake was shifted  for 
the  change  in  turning  angle.  The  shape  of  the  rotor  pressure-loss  pro- 
file  strongly  resenibles a two-dimensional  cascade  wake  profile.  However, 
for  the  rotating  blade, loss profiles  were  usually  found  to  include  addi- 
tional  losses  that  in  some  cases  obscured  the  blade  wake  effect. 

' Variation  in  Total-Pressure-Loss  Distribution 

With  Angle  of  Attack 

Total-pressure-loss  distributions  measured by the  rotating  rakes 
are  presented  in  figure 6 for  seven  angles  of  attack  representing  the 



operating  range.  Figure  6(a)  presents  the  section 1/2 inch  out  from  the 
rotor  hub. In this  figure  the  large loss region  is  low-energy  air  from 
the  inner  casing  that  has  moved  to  the  low-pressure  region  of  the  root. 
The  blade  wake  is  practically  obscured  and  is  located  as a small bulge 
in  the loss profile  in  line  with  tube 14 at  low  angles  of  attack.  As . 
the  angle  of  attack  is  increased,  the  low-energy  air  from  the  inner 
casing  moves  closer  to  the  blade  until  near  stall  the  blade  wake  is  no 
longer  discernible.  At a distance  of 1 inch  from  the  rotor  hub,  similar 
profiles  are  found  as  shown  in  figure  6(b);  here,  however,  the  low-energy 
air  from  the  inner  casing  has  had a smaller  effect  on  the  total  pressure 
than  in  figure  6(a).  The  mean-radius-section loss profile  is  shown  in 
figure 6(c). Also shown  are  two-dimensional  cascade-sectiqn loss pro- 
files  for  corresponding  geometries. The profile  appears  to  be  similar 
to a typical  two-dimensional  cascade-blade  wake.  There  is  one  main  dif- 
ference,  however,  in  that  the loss profile  becomes  abnormally  large  with 
increase  in  angle  of  attack.  This  is  the  result  of  radial  flow  of  the 
inboard  boundary  layer  that  was  described  in  reference 1. Also note- 
worthy  is  that  the  wake  shifts  toward  the  upper  surface  with  increase  in 
angle  of  attack  primarily as a result  of  increased  separation  on  the  upper 
surface.  At  the  radial  location 1 inch  from  the  blade  tip  (fig. 6(d)), 
the loss distributions  are  found  to  be  similar  to  those  of  the  two- 
dimensional  cascade.  At  this  radius  there  is a small  amount  of  outer 
casing  boundary-layer  air;  this  is  indicated  by  the  losses  at  the  ends 
of  the  distribution. As the  separation  increases  on  the  upper  surface, 
the  wake  shifts  and  broadens.  At  a.distance  of 1/2 inch  in  from  the 
blade  tip  (fig. 6( e) ), the loss profile  is  still  similar  to  the  two- 
dimensional  cascade  wake  with  additional  losses  present.  The  additional 
losses  are  the  result  of  the  blade-tip  scraping  effect  on  the  outer 
casing  boundary-layer  air.  These  losses  are  found  on  the  left  side  of 
the  figure.  Here  the  casing loss appears  to  shift  away  from'the  blade 
with  increase  in  angle  of  attack.  This  is  contrary  to  the  condition  at 
the  blade  root  (figs.  6(a)  and  (b) ) and  seems  to  indicate  that  the  vis- 
cous  effect  in  connection  with  the  outer  casing  was  stronger  than  the 
static-pressure  gradient  in  influencing  the  boundary-layer  flow  on  the 
outer  casing. 

Contour  Plots 

Variation  with  angle  of  attack.- In order  to  obtain  an  overall  span- 
wise  picture  of  the  flow  leaving  the  blades,  the loss distribution  from 
the  various  spanwise  locations  was  combined  and  plotted  as  contour maps 
having  lines  of  constant  total-pressure loss as a percent  of  the  entering 
dynamic  pressure. 

Figure 7 presents  total-pressure-loss  contours for the  NACA 
65-(1alo)1o compressor  blade  in a solid-wall  cascade  (previously  unpub- 
lished).  The  low-energy  air  on  the  wall  was  influenced  by  the  passage 
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. static-pressure  gradient  and  flowed  toward  the  low-pressure  area  of  the 
blade  upper  surface.  The  blade-to-blade  'static-pressure  gradient  and 
the  spanwise  velocity  gradient  at  the  wall  caused  the  low-energy  air  to 
roll.up  into a vortex  as  .it  passed  through  the  blade  row  and  traveled 
downstreah.  This  is  illustrated  in  figures 22 to 28 of  reference 8. 

"~ ~ 

In  figure 8 the  total-pressure-loss  contours  are  presented  for  the 
rotor  and  show  the  variation  in loss across  the  span  with  change  in  angle 
of  attack  at 800 rpm.  The  Mach  nunhers  presented  in  this  and  similar 
figures  are  the  mean-section  inlet  Mach  nuuibers.  For  this  compressor 
configuration  (a  free-vortex  guide  vane  turning  the  air  into  the  rotor), 
the  Mach  nunher  at  the  outboard  section  is  up  to 3 percent  greater,  and 
at  the  inboard  section  it  is  up  to 5 percent  less  than  the  mean-section 
value  for  low  angles  of  attack.  For  high  angles  of  attack  the  Mach 
number  variation  is  less  than 21 percent. In.each figure  there  are 
three  major loss regions:  one  at  the  root  or  hub  .of  the  rotor,  one  on 
the  outer  casing,  and  one  behind  the  blade  representing  its  wake. 

The  distribution of loss .at  the  hub  is  similar  to  that  shown  for 
the  solid-wall  cascade.  There  is  an  additional  concentration  of 
boundary-layer  air  at  hub  because  of  the  shaving  effect  of  the  rotor 
on  the  inner  casing  boundary  layer:  this  air  also  flows  across  the 
hub  toward  the  preceding  blade's  suction  surface. A small amount  of 
this  low-energy  air  that  originated  near  the  succeeding  blade  may  have 
reached  the  low-pressure  surface  and  then  have  been  centrifuged  in  the 
separated  region  of  the  blade  near  the.trailing  edge.  This  type  of 
flow  is  shown  clearly  in  figures 5( c), 8, 16(a),  and 20 of reference 8 
and  in  figures  3(b),  4(a), 7, and  ll(a) of reference 9. 

The 106s region  on  the  outer  casing  is  the  outer  casing  boundary- 
layer  air  that  has  been  scraped  off  of  the  casing  by  the  blade. 'The 
viscous  forces  in  the  wall  boundary  layer  dominate  over  the  blbde-to- 
blade  static-pressure  gradient,  thus  holding  the  low-energy.air  against 
the  blade.  Some  of  this  air  is  forced  through  the  tip  clearance  and  the 
remainder  flows  along  the  blade's  pressure,  surface  and  is  shed  at  the 
trailing  edge,  forming  the loss region  shown  in  the  contour  plot. 

The  third  high loss region  is  that  of  the  blade  wake,  which  spans 
the  annular  passage.  At  the  lowest  mean-section  angle of attack 
(fig.  8(a) ), the  wake  is  uniform  across  the  entire  passage. As the 
.angle  of  attack  increases,  the  inboard  portion  of  the  wake  appears  to 
shift  radially  out  toward  the  mean  section.  This  was  previously  indi- 
cated  by  the  high  inboard  turning  angles  and  the  tufts  on  the  blade 
surfaces  reported  in  reference 2. This  portion  of  the  wake  was  the 
result  of  separation  on  the  upper  surface  at  the  leading  edge  of  the 
root  section,  resulting  in a thinning  of  the  wake  at  the  inboard  sec- 
tion  and  a'thickening  farther  out.  The  increase  in  shift  with  increased 
angle  of  attack  is  attributed t0.a reduction  in  the  radial.  static-pressure 



gradient  because  of  the  reduction  in  tangential  velocity  of  the  incoming 
air. 

As the  angle  of  attack  increases,  the  inboard  vortex  increases  in 
strength,  moves  closer  to  the  blade  wake,  and  moves  away  from  the  rotor 
hub  under  the  influence  of  the  increased  blade-to-blade  gradient  and  the 
reduced  radial  static-pressure  gradient. 

The loss region  on  the  outer  casing  reduces  in  strength  with  in- 
crease  in  angle  of  attack  and  appears  to  move  slightly  farther  from  the 
blade  wake. 

Variation  with  speed  at  design.- The variation  in  the  loss-distribution 
contour  plots  with  speed for the  design  angle  of  attack  is  shown  in  fig- 
ure 9. As the  Mach  number  increases,  the loss at  the  rotor  hub  increases 
areawise  but has little  change  in  maximum  value:  the  high  losses  in  the 
blade  wake  increase  in  maximum  value  and  areawise  as  well.  The  tip loss 
has a slight  area  increase  and a slight  shift  away  from  the  blade. The 
irregularity  of  contours  for  the M = 0.367 plot  are  not  plotting  errors 
but  are  the  result  of  some  phenomenon  of  the  flow.  These  irregularities 
were  also  noticed  as  jogs  in  the  rotor  exiting  air  angle. 

Variation  with  speed  for a below-design  angle  of  attack.-  For  the 
below-design  condition,  the  drive-motor  power  requirements  limited  the 
operating  range  to a mean-section  angle  of  attack of about ll.5' at 
2,100 rpm.  Figure 10 presents  the  total-pressure-loss  contours  for  an 
angle  of  attack of approximately 11.5O at  several  speeds. As the  speed 
increased,  the  hub loss increased  in  both maximum value  and  area  covered. 
In  addition  to  an  increase  in  area  and  maximum  value,  figure 10 indicates 
a slight  shift  of  the  inboard  wake  toward  the  mean  section.  The  tip loss 
appears  to  shift  slightly  away  from  the  blade  and  to  increase  slightly 
in  area  and  maximum  value. 

For  the  above-design  condition,  near  surge,  the  loss-contour  varia- 
tion  with  speed  is  shown  in  figure 11. The  hub loss increases  in  magni- 
tude  in  both  area  and  maximum  value.  The  high loss in  the  blade-wake 
spreads  to  the  outboard  section.  The  tip loss appears  to  shift  slightly 
farther  from  the  blade  and  to  increase  slightly  in  area  and maxirmun value. 

For  intermediate  conditions  of  speed  and  angle  of  attack  not  shown, 
the  trends  are  continuous. 

Spanwise'Variation  in  Total-Pressure-Loss  Coefficient 

The  integrated  mean  total-pressure  losses  across  the  blade  passage 
at  each  radius  are  compared  with  two-dimensional  cascade  data  interpolated 

_.__ 
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to  the  same  geometry.  The  results  are  shown  in  figure I 2  for 1,140 rpm 
at  three  angles  of  attack  covering  the  operating  range. In figure  12(a), 
the  below-design  condition,  the  mean-section  angle  of  attack  is 8.8'. 
The  losses  in  the  compressor  are  slightly  less  than  in  the  two-dimensional 
cascade  at  the  center  of  the  span,  and  the losses at  the  walls  are  much 
higher  for  the  rotor. As the  angle  of  attack  is  increased  to  the  design 
condition,  the  inboard  blade  boundary-layer  air  flows  radially  from  the 
rotor  toward  the  center  of  the  span  as  can  be  seen  from  figure  12(b), 
the  design  condition.  At  higher  angles  of  attack  the  radial  shift  is 
greater. 

The  near-surge  condition  is  shown  in  figure l2(c): the  radial 
flow  has.  extended  the  inboard  losses  mostly  to  the  mean  section  and  to 
a lesser  extent  to  the  outboard  region  with  all  section  losses  greater 
for  the  compressor  than  for  the  two-dimensional  cascade. 

Variation  of  Low-Speed  Momentum Loss Coefficient 

With  Angle  of  Attack 

For a direct  comparison of wake  parameters  from  the  compressor  and 
published  low-speed  cascade  data,  the  rotor  low-speed  total-pressure- 
loss distributions  were  integrated  and  converted  to  momentum-loss  coef- 
ficients  for  the  three  main bhde sections  (outboard,  mean  and  inboard) 
by  the  method  of  reference 10. For  comparison,  the  low-speed  momentum- 
loss coefficients  are  plotted  against  angle  of  attack  for  the  three 
blade  sections  with  interpolated  cascade  data  from  reference 4 of  the 
same  blade  geometry  (fig. 13). As was shown  in  figure 6(d),  the  outboard- 
section loss distribution  included a small  amount  of  outer  casing  bound- 
ary  layer  which  prevented  the  free-stream  portions  from  reaching  zero 
loss. In  figure 13 (a),  the  flagged  symbols  represent  overall  values 
and  the  plain  symbols  represent  wake  losses  without  the  casing  boundary- 
layer  losses.  The  overall  momentum-loss  coefficient  for  the  outboard 
section  diminished  with  increase  in  angle  of  attack  but  remained  greater 
than  the  cascade  values.  The  outboard  momentum-loss  coefficient  without 
the wall boundary  layer  increased  slightly.with  increase  in  angle  of 
attack  but  remained  less  than  the  cascade  values.  Hence,  the  outer 
casing  effect  appears  to  diminish  with  increase  in  angle  of  attack. 

In figure 13(b) the  momentum-loss  coefficient  for  the  mean  section 
is  presented  for  the  rotor  and  low-speed  cascade  plotted  against  angle 
of  attack.  Here  the  rotor  momentum-loss  coefficient is less  than  the 
cascade  coefficient  up  to  about 1' below  design.  At  this  pdint,  the 
values  of  the  rotor  momentum-loss  coefficients  increase  more  rapidly 
with  angle  of  attack  and  the  values  become  greater  for  the  rotor  than 
for  the  cascade.  This  increase.  in  the  size  of  the  rotor  mean-section 
momentum-loss  coefficients  is  due  to  the  increase  in  radial  flow  of 
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low-energy  air  on  the  blade  surface  with  increase  in  angle  of  attack 
as  previously  described  in  figure 8. 

In figure  l3(c),  for  the  inboard  section,  the  low-energy  air  from 
the  rotor  hub  is  included  with  the  wake  because  losses  in  the  vortex 
flow  partially  obscured  those  of  the  wake,  particularly  at  high  angles 
of  attack.  At  the  lowest  angle  of  attack,  the  vortex or blade-hub loss 
region  extends  out  just  to  the  inboard  section,  and  the  rotor  momentum- 
loss coefficient  is  only  slightly  greater  than  the  cascade  coefficient. 
As the  angle  of  attack  is  increased,  the  rotor  momentum-loss  coefficient 
increased  steadily  corresponding  to  the  steady  growth of the  hub loss 
at  the  inboard  section.  For  this  section,  where  the major losses  are 
not  produced  by  the  blade  wake,  the  values  of C, may  have  been  slightly 
different  had  the  rake  been  constructed,  skewed,  and  oriented  to  locate 
the  tubes  on  a  line  parallel  to  the  plane  of  the  rotor  rather  than  in  a 
line  normal  to  the  stream.  This  would  shift  the  tubes  at  one  end  of 
the  rake  downstream  and  those  at  the  other  end  upstream.  Although  the 
shift  would  probably  be  too small to  detect  any  additional  losses  due 
to  mixing,  the loss pattern  may  change  with  axial  direction  because  of 
the  radial  flow  of  the loss regions.  Such  a  change  in  rake  orientation 
would  also  affect  figures  6(a),  6(b),  and 6(c) by  making  the loss pro- 
files  more  nearly  cyclic  in  form. 

Variation  of  Momentum-Loss  Coefficient 

With  Mach  Number 

For  comparison  with  the  two-dimensional  high-speed  cascade,  the 
momentum-loss  coefficients  of  the  compressor  were  computed  for  com- 
pressible  flow  by  the  method  of  reference 10. Figures 14 and 15 pre- 
sent  a  comparison  of  the  momentum-loss  coefficients  as  well  as  turning 
angles  for  both  the  low-  and  high-speed  cascades  and  the  compressor 
over  the mch number  range  tested.  For  the  momentum-loss  coefficients 
at  the  outboard  section  (fig. 14), the  losses  from  the  outer  case  were 
eliminated  and  only  the  actual  wake  was  integrated  by  using  the  free- 
stream  value  as  zero loss. The  low-speed  cascade  coefficient  was  inter- 
polated  from  data  of  reference 4 and  the  low-speed  cascade  turning  angle 
was  taken  from  the  carpet  plots  of  reference 11. The  high-speed  cascade 
momentum-loss  coefficient  and  turning  were  obtained  by  interpolation of 
data  from  reference 5. In the  figures  presented,  two  values  of  turning 
angle  are  presented  for  the  compressor;  one  value  is  measured  and  the 
other  is  the  same  measurement  corrected  to  the  mean  axial  velocity  as 
in  reference 1.. This  type  of  correction  is  suggested for comparisons 
if  there  is an axial-velocity  change  in  the  blade  row.  Figure 14 repre- 
sents  five  angles  of  attack  covering  the  compressor's  operating  range 
at  the  outboard  section  from  the  below-design  limit  to  the  near-surge 
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condition.  The  results  show  close  agreement  between  the  rotor  and  high- 
speed  cascade  for  both  turning  angle  and  momentum-loss  coefficient. In 
each  case,  as  the  separation  on  the  upper.surface  increased  with Mch 
number or angle  of  attack,  the  coefficient  increased  accordingly  and 
increased  the  deviation  angle  which  corresponded  to a decrease  in  turning. 
Similar  comparisons  were  made  for  the  compressor  mean  section  (fig. 15); 
For this  section  (NACA 65-(=10) lo) the  high-speed  cascade  was  run  to 
match  the  campressor  test  conditions,  and  interpolation  of  the  results 
was  unnecessary.  The  solidity  was 1.25 for  the  cascade  tests  and 1.18 
for  the  compressor. In addition  to  the  two-dimensional  tests,  cascade 
tests  were  made  to  match  the  compressor  static-pressure  rise  for  each 
angle  of  attack  and Mch number.  The  results  of  these  tests  are  shown 
in  figure 13; the  square  symbol  represents  the  cascade  tests  with  the 
pressure  rise  matching  the  compressor.  At  the  lowest  angle  of  attack, 
the  rotor  momentum-loss  coefficient  remained  low  over  most  of  the Mch 
number  range  and  started  to  rise  rapidly at' M = 0.8, indicating  that 
the  force-break mch number  had  been  reached. 

A check  on  the  ratio  of  throat  area  to  critical  area  for  this 
operating  condition  showed  that  the  ratio  was  approximately  constant 
with  radius  and  indicated  that  the  rotor  was  almost  choked.  The  fact 
that  the  ratio  was  constant  indicated  that  there  would  not  be  any  three- 
dimensional  relieving  of  high-velocity  regions  and  that  section  data 
for  the  rotor  should  appear  similar  to  that  of  the  cascade.  The  cas- 
cade  wake  increases  rapidly  at  low  Mach  numbers  indicating  separation 
on the  lower  surface  and  is  confirmed  by  the  schlieren  photograph  in 
figure 53 of  reference 5. If  the  separation  amounted  to  blockage of 
5 percent  of  the  cascade-throat  area,  then  the  cascade  ratio  of  throat 
to  critical  area  at M = 0.7 would  approximately  equal  the  rotor  ratio 
of  throat  to  critical  area  at M = 0.8. Thus,  it  appears  that,  for  the 
mean  section  at  this  low  angle  of  attack,  the  comparable  cascade  is 
more  severely  separated  on  the  lower  surface  than  the  rotor  and,  although 
the  reason  is  unknown,  it  is  not  due  to  the  three-dimensional  relieving 
effect. 

In  figure  l5(b)  the  angle  of  attack  is lo below  design.  Here  the 
rotor  and  cascade  wake  coefficients  are  about  equal  over  the  bhch  num- 
ber  .range.  Because  of  the  radial  flow  of  the  inboard  low-energy  air, 
there  has  been  an  increase  in  the  rotor  wake  over  that  measured  at  the 
lower  angle  of  attack  (fig.  l3(a)).  This  radial  flow  is  even  more 
evident  for  the  design  angle  of  attack  shown  in  figure l5( c) . The  wake 
coefficients for the  cascade  reach  their  minimum  values  for mch number 
range  at  the  design  angle of attack.  At  this  angle  of  attack,  the 
chordwise  distribution  of  static  pressure  is  relatively  unpeaked  for 
both  the  upper  and  lower  surfaces,  presenting  less  chance  of  separation 
than  at  other  angles  of  attack. In figure  l5(d)  the  cascade  is  near 
stall  and  is  partially  stalled  for  the  two-dimensional  case  for  all 
Mach  numbers  greater  than.0.5. In this  figure  the  blower  wake  coefficient 



has  further  increased  in  value  because of radial flow. The near-surge 
condition i s  presented  in   f igure  l5(e) .  A t  th is   angle  of a t tack  (16.8O), 
the  two-dimensional  cascade  had difficulty  in  maintaining  the  necessary 
static-pressure rise and stalled a t  about M = 0.5,  thus  reducing  the 
s t a t i c -p res su re   r i s e   t o   t ha t  of the blower  and providing  only  partially 
s ta l led  operat ion above M = 0.5. The ro tor   top  speed w a s  2,200 rpm 
which l imited  the Wch number t o  0.64 a t  th i s   angle  of a t tack .  However, 
for  the  range shown i n  figLire l5(e) ,  the   ro tor  wake coefficients  roughly 
agree  with  those of the  cascade. The turning  angles  for  the  cascade 
matching  the  blower  pressure r i s e  were higher  than  those  for  the two- 
dimensional  cascade  or  the  blower,  thus  indicating poor  agreement. The 
turning  angle for the compressor  and  two-dimensional  cascade agreed 
f a i r l y  well except a t  high  angles of a t tack  where the compressor  and 
low-speed  cascade  turning  angles were lower. 

CONCLUSIONS 

The compressor  of t h i s   r epor t  had a free-vortex  inlet   f low  against  
the  direct ion of ro ta t ion  which provided  high  relative Mach numbers a t  
low rotational  speed. Thus, t he   r ad ia l  movement of 'boundary-layer air  
f o r   t h i s   r o t o r  i s  less  than  for  the  usual  high-flow compressor.  This 
does  not  invalidate  the  source  nor  flow  direction of these  losses as 
appl ied   to   o ther   ro tors   bu t  has simplif ied  their   detect ion.  From an 
examination of the data for  this  rotor,   the  following  conclusions were 
found : 

1. There w a s  l i t t l e  radial flow of the  inner  casing boundary layer.  
Instead,  the low-energy a i r  flowed  from the  pressure  surface  of one 
blade  across  the  rotor hub to  the  suction  surface of the  preceding  blade 
and was shed as it began t o  form a vortex. 

2. A t  the  lowest  angle of a t tack,   the  blade wake was uniform  across 
the  passage. A s  the  angle of attack  increased,  the  inboard  portion of 
the wake appeared t o  sh i f t   r ad ia l ly   ou t  toward the mean section. This 
portion of the wake w a s  the   resu l t  of separation on the upper surface 
a t  the  leading  edge of the  root   sect ion  in   the  casing boundary layer.  

3. A t  the mean section,  the momentum-loss coef f ic ien t   for  low 
angles of a t tack  was less than  for  the two-dimensional  cascade  through- 
out  the  speed  range.  This  difference  could  not  be  attributed  to "three- 
dimensional  relieving. '' 
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4. In general, the  total-pressure loss coefficients,  momentum-loss 
coefficients, and  turning  angles for the  rotor  were  in  close  agreement 
with  those of the  two-dimensional cascades  of  similar  geometry. 

Langley  Aeronautical Laboratory, 
National  Advisory  Comnittee for  Aeronautics, 

Langley  Field, Va., July 5, 1 9 5 .  

. .  
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Figure 2.- Velocity  diagram at design  conditions. 
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L-75450 
Figure 4. - Rotating rake apparatus. 
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Figure 5.- Concluded. 
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Figure 6. - Compressor total-pressure-loss  distribution  at  various  angles 
of attack. 1,140 rpm.  
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Figure 6. - Continued. 
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Figure 6. - Continued. 
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Figure 7.- Total-pressure-loss  contours for the NACA 65-( l 2 A - ~ o ) l O  corn- 
pressor  blade in a  solid-wall  cascade. a = 13.2'; j3 = 60'; ts = 1.0. 
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Figure 8.- Total-pressure-loss  contours  for the 1,000-hp compressor 
rotor (NACA 63-series  compressor  blade) at various angles of attack. 
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Figure 8. - Continued. 
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Figure 8.- Continued. 
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Figure 8.- Continued. 
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Figure 8.- Concluded. 
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Figure 9. - Continued. 
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Figure 10.- Total-pressure-loss  contours  for  the  1,000-hp  compressor 
rotor at a  below-design  angle of attack  with Mach number  variation. 
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Figure 10.- Continued. 



Figure 10. - Concluded. 
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Figure 11. - Total-presshe-loss  contours for the  1,000-hp  compressor 
ro to r  a t  a near-surge  angle of a t tack w i t h .  Mach  number variation. 
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Figure 12.- Comparison of  blower and cascade loss coefficients  with 
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Figure 13.-  Low-speed  momentum-loss coeff ic ient   against  angle of attack. 
Flagged symbols include  casing  boundary-layer loss. 



.05 

.04 
3 

0 
c + 

C a 
0 
.- 
LZ .03 
Y- 
Q) 
0 
0 

u) 
u) 
0 - 
; 9 2  

E 
3 
C 

4- 

0 
2 

.O 

0 
6 

I I 
OLow-speed cascade 

- 0900 Rotor 

A I140 

n 
0 

n 

\ 
\ 
\ 
\ 
\ '\ A 

/ 
/ 

/ 

8 IO 12 14 16 18 
Angle of  attack, a ,  deg 

(b) Mean section. 

Figure 13.- Continued. 



56 

.OC 

07 

0 E  

0 
3 

4" 0 5  
W 
C 

0 
.- 
.- 
.c 
w- 
W 
0 
0 

.04 
- 0 

02 

01 

NACA RM ~ 5 5 ~ 2 9  

0 Low-speed  cascade 
A 

Rotor 
R PM An 

A 

A 
17 

\ 
17 

\ 
\ 
\ 
\ 

- 

A 

L1 
0 

/ 

/ 
/ 

/ 
/ 

/ 

12 14 16 . 18 
Angle of attack, a, deg 

( c )  Inboard  section. 

20 22 

Figure 13.- Concluded. 



NACA RM L55F29 

- 

e 
0 

1 Carpet  plot 

Rotor 
-Cascade 
0 Measured 
0 6, corrected 

” - 

L.S. cascade  wake 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

1 .2 .4 .6 
.8 

Mach number, Mlr 

08 

06 

04 

02 

0 
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